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We present an analytic solution of a simple set of equations that describe the transition from
kinetics to hydrodynamics in the Bjorken expansion of boost-invariant plasmas of massless particles.
The solution provides an explicit expression for the attractor that governs this transition. It also
constitutes a neat example of an application of the theory of resurgence in asymptotic series.
The success of the fluid dynamical description of mat-
ter produced in ultra-relativistic heavy ions has triggered
recently a lot of theoretical work [1, 2]. Hydrodynamics
is often viewed as an effective theory for long wavelength
modes with microscopic degrees of freedom near local
equilibrium, implying small gradients and small mean
free paths. However a number of recent studies suggest
that hydrodynamics may work even when these condi-
tions are not fully satisfied. It was found for instance
that viscous corrections can account for the large pres-
sure anisotropy in the longitudinally expanding plasma
formed in heavy ion collisions, for either a strongly cou-
pled system in holography [3], or a weakly coupled sys-
tem in kinetic theory [4]. Thus the general question of
how hydrodynamical behavior emerges in various systems
has become a prominent one. In this context, an impor-
tant progress has been the identification of attractor so-
lutions in dynamical equations whose late time behavior
is hydrodynamical [5–8]. This connects with beautiful
mathematical developments in the theory of resurgence
in asymptotic series [9, 10].
This letter aims to contribute to this general discussion
by providing an explicit analytical solution for a simple
set of equations that describes the transition from kinet-
ics to hydrodynamics for a rapidly expanding plasma of
massless particles. The system that we consider is an
idealization of the early stage of a high-energy heavy-ion
collision, where matter expands longitudinally along the
collision axis in a boost invariant fashion, the so-called
Bjorken expansion [11]. Our starting point is a simple
kinetic equation, pµ∂µf(t,x,p) = C[f ], where f denotes
a distribution function for massless particles, and C[f ] is
a collision term treated in the relaxation time approxi-
mation [12], a widely used approximation [2].
It has been shown in previous works [13] that the solu-
tion of the kinetic equation can be accurately reproduced
by a set of coupled equations for the two independent
components of the energy-momentum tensor, the energy
density ε = L0 and the viscous pressure, expressed as
the difference between the longitudinal and transverse
pressures PL − PT = L1. Owing to the symmetries of
the Bjorken expansion, L0 and L1 depends only on the
proper time τ , and obey the coupled equations
∂L0
∂τ
=− 1
τ
(a0L0 + c0L1) , (1a)
∂L1
∂τ
=− 1
τ
(a1L1 + b1L0)− L1
τR
, (1b)
where τ is the proper time. The coefficients, a0 = 4/3,
a1 = 38/21, b1 = 8/15, and c0 = 2/3, are pure numbers
whose values are fixed by the geometry of the expansion.
The last term, proportional to the collision rate 1/τR,
isolates in a transparent way the effect of the collisions.
We shall allow τR to depend on τ (see below). Eqs. (1) are
the first in an infinite hierarchy of equations for moments
defined by Ln ≡
∫
d3p pP2n(pz/p)fp(t,x,p), with Pn(x)
a Legendre polynomial [13] 1.
Without the last term in Eq. (1b), Eqs. (1) describe
(approximately) free streaming: the moments evolve as
powers laws governed by the eigenvalues of the linear sys-
tem. The collision term in Eq. (1b) produces a damping
of L1 and drives the system towards isotropy, a prereq-
uisite for local equilibrium. When L1 = 0, the system
behaves as in ideal hydrodynamics L0 ∼ τ−a0 .
However there is more than the simple vanishing of
L1. The term −L1/τR in Eq. (1b) suggests the possible
presence of exponential terms in the solution, in addition
to the power laws originating from the expansion. These
would spoil the hydrodynamic gradient expansion, which,
in the present context, is an expansion in inverse powers
of τ . However, such contributions cancel thanks to the re-
lation L1/τR ' −b1L0/τ valid at late time [13]. This, in
fact, happens to be the leading order constitutive equa-
tion relating the viscous pressure to the viscosity, with
η = (b1/2)ετR being the standard value of the viscosity.
The connection between Eqs. (1) and hydrodynamics
is tight. Eq. (1a) translates the conservation of the en-
ergy momentum tensor, ∂µT
µν = 0, for Bjorken flow.
1 These moments Ln, introduced in [14], are distinct from those
most commonly used (see e.g. [15]). A generalization is presented
in [16].
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FIG. 1. (Color online) Plot of g(w) obtained from Eq. (5)
for various initial conditions. The solid line represents the
attractor (A = 0) joining the free streaming fixed point g+ at
small w to the hydrodynamic fixed point g = −4/3 at large
w.
An equation similar to Eq. (1b) was introduced by Israel
and Stewart [17] to overcome limitations of the Navier
Stokes equation in the relativistic context. In fact, as
discussed in [18], if one adjusts properly the coefficients,
all the known formulations of second order hydrodyan-
mics (e.g. [19, 20]) can be mapped into Eqs. (1). Thus, all
these approaches share the same mathematical structure.
Indeed, the authors of Ref. [7], using some version of
Israel-Stewart hydrodynamics, obtained a solution that
is a particular case of ours.
The use of a time dependent relaxation time τR(τ) al-
lows us to capture the qualitative features of more real-
istic calculations. The solution presented in this letter
holds for a time dependence of the form τR ∼ τ1−∆,
with ∆ constant [21]. Commonly used are a constant τR
(∆ = 1), or τR ∼ T−1 with T the effective temperature
(∆ ≈ 2/3). Note that as long as ∆ > 0, the expan-
sion rate decreases faster than the collision rate, and the
system is driven to hydrodynamics at late time. When
∆ < 0, the expansion eventually overcomes the colli-
sions and the system evolves towards the free streaming
regime. The limiting case ∆ = 0 mimics the system
of hard sphere scatterings recently studied in [22], and
is also close to more realistic QCD kinetics with 2-to-2
scatterings [23]. In this case, collisional effects perfectly
balance those of the expansion, resulting in a stationary
state that differs from hydrodynamics. More sophisti-
cated time dependence have also been considered [24]. A
detailed description of these physical situations and the
corresponding solutions as a function of ∆ will be pre-
sented in a forthcoming publication [25]. In this letter
we focus on the solution for ∆ > 0.
To proceed, it is convenient to measure the time in
units of the instantaneous relaxation time and define the
dimensionless variable w ≡ τ/τR(τ) ∼ τ∆, which plays
the role of an inverse Knudsen number. We also define
g(w) ≡ τL0
∂L0
∂τ
= −1− PL

. (2)
which may be understood as the exponent of the power
laws obeyed by the energy density at early or late times.
The second relation, which follows easily from Eq. (1),
shows that in the free streaming regime where PL = 0,
g = −1, while in the hydrodynamical regime where PL =
ε/3, g = −4/3. In terms of g(w), Eqs. (1) become a first
order nonlinear ODE,
∆
dg
d lnw
+ g2 + (a0 + a1 + w) g+ a1a0 − c0b1 + a0w = 0 .
(3)
In the absence of collisions, this non linear equation has
two fixed points, that we refer to as unstable (g−) and
stable (g+) free streaming fixed points, whose values co-
incide with the eigenvalues of the linear system (1). Nu-
merically, g+ = −0.929, g− = −2.213 2. This fixed point
structure continues to play a role when collisions are
switched on [18]: The unstable fixed point moves to large
negative values, while the stable fixed point evolves adia-
batically [26] to the hydrodynamic fixed point, g = −4/3.
The location of this “pseudo fixed point” as w runs from
0 to∞ corresponds to what has been dubbed “attractor”
[5]. The attractor is understood here as the solution of
Eq. (3) that connects the (stable) free streaming fixed
point to the hydrodynamic fixed point. It is a non trivial
solution to which other solutions eventually converge at
late time, thereby forgetting the memory of their initial
conditions. As was shown in [18] this fixed point struc-
ture is only moderated affected by the higher moments
(Ln, with n ≥ 2), which explains why the two-moment
truncation (1) is a good approximation.
By setting g(w)+a0 = ∆(b−a)−w+wy′(w¯)/y(w¯), with
b and a constants that will be determined shortly, one
transforms this non linear equation into a linear, second
order ODE for the function y(w¯), with w¯ = w/∆, and
y′ = dy/dw¯:
w¯2y′′ + y′(b− w¯)− ay = 0. (4)
The solution of this equation (Kummer’s equation) are
confluent hypergeometric functions M(a, b, w/∆) and
U(a, b, w/∆) [27]. The parameters a and b can take
one of two possible sets of values, a± = 1 − g∓+a0∆ ,
and b± = 1 ± g+−g−∆ . However, it can be shown that
the physically meaningful solution corresponds to the
choice a+, b+
3. Thus, from now on we shall simply set
2 The fact that g+ is not exactly −1 is an effect of the two moment
truncation [18].
3 One can show for instance that only this choice leads to an in-
crease of entropy in the late time hydrodynamic regime [25].
3a+ = a, b+ = b and write the general solution for g(w) in
the form
g(w) = g+ − w
+aw
1
bM
(
1 + a, 1 + b, w∆
)−AU (1 + a, 1 + b, w∆)
M
(
a, b, w∆
)
+AU
(
a, b, w∆
) ,
(5)
where A is a constant of integration to be fixed by the
initial condition. We emphasize that, as already men-
tioned, this solution would also hold in several variants
of second order hydrodynamics for Bjorken flow, modulo
suitable redefinitions of the parameters g+, a and b.
Eq. (5) is the exact solution for all ∆ > 0. Since
the structure of the solution does not change much as
∆ varies (and does not come too close to zero), we focus
from now on ∆ = 1. An illustration of the solution for
various initial conditions is provided in Fig. 1 for five val-
ues of A. As can be seen the various solutions eventually
merge onto the solid line. This line is the attractor so-
lution, obtained for A = 0, that connects the stable free
streaming fixed point g(w → 0+) → g+ to the hydrody-
namic fixed point g(w) = −4/3.
We consider now the small w expansion of Eq. (5).
Physically, this represents perturbative corrections to
free-streaming due to collisions and emerges from Eqs. (1)
by expanding in powers of the last term in Eq. (1b). The
attractor is given by
gatt(w) = g+ − w + waM(1 + a, 1 + b, w)
bM(a, b, w)
. (6)
When the parameters a and b differ from non-negative
integers, which is the case here, the function M(a, b, w)
is analytic and expressible as a convergent series in w.
However, in contrast to the function M itself, the series
gatt(w) =
∑
n=0 γ
att
n w
n, with γatt0 = g+, has a finite ra-
dius of convergence determined by the location of the zero
of M(a, b, w) in the denominator of Eq. (6) that is closest
to the origin. This limited radius of convergence is the
reason why the first few terms in the expansion show lim-
ited apparent convergence at large w [18]. Nevertheless,
the Borel sum of the series, after analytic continuation,
converges to the exact function. This has indeed been
verified numerically in [8].
When A 6= 0, the solution involves the function
U(a, b, w) which contains a singular contribution ∼ w−b
at the origin [27]. One then obtains a double expansion
of the form,
g(w) =
∑
m=0
wm(b−1)
∑
n=0
γ(n)m w
m , (7)
where the expansion coefficient γ
(n)
m for n > 0 depends
on A. Interestingly γ
(0)
0 = g− irrespective of the value
of A. Thus, all solutions (but the attractor) start from
the unstable free-streaming fixed point at w → 0+, even
though at any small but finite w they can take any desired
value.
At large w, the solution g(w) of Eq. (3) can be solved
as an expansion in powers of 1/w, giving rise to the hy-
drodynamic gradient expansion,
ghydro(w) =
∑
n
fnw
−n. (8)
This expansion is asymptotic [28], as signaled by the
factorial growth of fn. The corresponding Borel sum
g˜(w) =
∫
C dte
−tB[g(t/w)], with C a contour in the com-
plex plane that joins 0 and ∞, is typically evaluated
by obtaining numerically a large number of terms for
the Borel transform B[g(t)] = ∑n fntn/n!, and using a
Pade´ approximant extrapolation [5, 29]. Such a proce-
dure yields g(w) in the form of a trans-series
g(w) =
∑
m=0
σmg(m)(w) , (9)
where σ is a complex expansion parameter and
g(m)(w) = [ζ(w)]m
∑
n
f (m)n w
−n (10)
contains itself an asymptotic series. Note that g(0)(w) =
ghydro(w). The quantity ζ(w), which captures exponen-
tial corrections, can be determined by perturbing the so-
lution around the hydrodynamic gradient expansion [10].
When applied to the solution of Eq. (3), this yields [18]
ζ(w) = e−wwb−2a+1 . (11)
Technically, exponential corrections emerge from the
presence of a branch cut singularity on the positive real
axis of the Borel transform of the gradient expansion.
This forces the integration contour C to be deformed into
the complex plane, which generates an imaginary part of
order ζ(w). For the solution to be real, this imaginary
part has to cancel against the next order in the trans-
series. Such cancellations between different orders, not
only suggest the trans-series structure of the solution in
Eq. (9), but they also provide strong relations between
the coefficients of the different orders. This is the well-
known resurgence phenomenon (see. e.g. [9, 10]).
Having the analytical solution (5) at hand, together
with the known asymptotic properties of the conflu-
ent hypergeometric functions [27], one can illustrate the
emergence of a trans-series solution from the asymptotic
hydrodynamic gradient expansion, as well as the resur-
gence relations existing within such a trans-series. Thus,
the asymptotic expansion of Eq. (5) reads
g(w) = g+ − w
+
wF(−a, b− a,w)− aσ ζ(w)w F(1 + a, 1 + a− b,−w)
F(1− a, b− a,w) + σ ζ(w)w F(a, 1 + a− b,−w)
,
(12)
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FIG. 2. (Color online) Borel sums of the trans-series at
zero, one, two and infinite order in the expansion (17), in
comparison with the exact attractor. The Borel sum of the
hydrodynamic gradient expansion obtained from Eq. (15) (the
orange curve) is compared with the Borel sum obtained from
the standard method of numerically summing a large number
(700) of terms in the series in Eq. (14) and extrapolating with
the help of Pade´ approximants (blue dots).
where F(a, b, z) is given by the asymptotic series
F(a, b, z) ≡
∑
n=0
Γ(a+ n)Γ(b+ n)
Γ(a)Γ(b)
z−n
n!
. (13)
This series is Borel summable, its Borel sum F˜ being
given by the inverse Laplace transform of the Gauss hy-
pergeometric function 2F1(a, b, 1, z) [30].
Clearly, the expansion of Eq. (12) in powers of σ gen-
erates a trans-series of the form of Eq. (9). The leading
order term can be read off as the hydrodynamic gradient
expansion,
g(0)(w) = g+ − w
(
1− F(−a, b− a,w)F(1− a, b− a,w)
)
, (14)
whose Taylor expansion coefficients are identical to those
in Eq. (8), as expected. Moreover, the Borel summability
of F suggests that one can write the Borel sum of the
hydrodynamic gradient expansion as
g˜(0)(w) = g+ − w
(
1− F˜(−a, b− a,w)F˜(1− a, b− a,w)
)
. (15)
i.e, by substituting F by F˜ in Eq. (14). Although we do
not have a rigorous mathematical proof of this result, it is
verified numerically to very high accuracy (an illustration
is given in Fig. 2). The higher order asymptotic series
g(m) in the trans-series expansion can be determined in
terms of the function F(a, b.z) as well, and their Borel
sums g˜(m) can be obtained by substituting F by F˜ in the
corresponding expressions.
The asymptotic expansion of the solution that leads to
Eq. (12) also provides the value of the parameter σ:
σ =
AΓ(a)
Γ(b)
+ eipia
Γ(a)
Γ(b− a) , (16)
where only the real part contains information on the ini-
tial conditions. Note that the attractor solution also re-
ceives exponential corrections, an observation also made
in [5], making the often used terminology “hydrodynamic
attractor” somewhat misleading. The imaginary part
plays a key role in the resurgence relations [31], as it
determines the first Stokes constant S1: S1 = −2Imσ =
− 2Γ(a)Γ(b−a) sin(pia). Cancellation of the imaginary contribu-
tions in the trans-series between different orders can be
expressed in terms of S1. For instance, the two lowest
orders verify Img˜(0) = S1Reg˜
(1)/2, with the same S1 as
extracted from Eq. (16). The constraints on the expan-
sion coefficients alluded to before can also be verified.
For instance, the nth order term in the hydrodynamic
gradient expansion is related to higher order terms in
the trans-series by 2pif
(0)
n ∼ S1Γ(n + b − 2a + 1)[f (1)0 +
f
(1)
1 /(n + b − 2a) + . . .] (see e.g. Eq. (39) in Ref. [10]).
Already the first two terms in this expansion yield an
excellent approximation to f
(0)
n for not too small n. Per-
haps the most powerful test of the resurgence properties
is to consider the complete trans-series solution [31, 32],
g(w) = Reg˜(0)(w)+σRReg˜(1)(w)+(σ2R−
S21
4
)Reg˜(2)(w)+· · ·
(17)
where σR = Reσ is the real part of the σ. This equation is
non-trivial. It encompasses all cancellations of imaginary
parts, according to the resurgence relations. It is there-
fore real, and also unique. Fig. 2 displays the trans-series
solution for the attractor. The convergence towards the
exact solution is illustrated by adding the contributions
proportional to g˜(1) (NLO), and to g˜(2) (NNLO). When
all orders in the trans-series are added, which amounts to
take the real part of Eq (12) with all the F ’s substituted
by F˜ , the exact attractor is recovered (see Fig. 2).
Conclusions.— We have presented an analytical solu-
tion that describes the emergence of hydrodynamic be-
havior in a specific system of massless particles undergo-
ing Bjorken expansion. This solution puts into a unifying
perspective a variety of results that have been obtained
on such a system using different methods. The analytical
solution offers also a neat example of application of resur-
gence ideas. Although we have treated here an idealized
system, we believe that some general features are suffi-
ciently robust to serve as useful references in the analysis
of more realistic situations.
Acknowledgements. — L.Y. is supported in part by
National Natural Science Foundation of China (NSFC)
under Grant No. 11975079.
5[1] Paul Romatschke and Ulrike Romatschke, “Relativistic
fluid dynamics in and out of equilibrium – ten years of
progress in theory and numerical simulations of nuclear
collisions,” (2017), arXiv:1712.05815 [nucl-th].
[2] Wojciech Florkowski, Michal P. Heller, and Michal
Spalinski, “New theories of relativistic hydrodynamics
in the LHC era,” Rept. Prog. Phys. 81, 046001 (2018),
arXiv:1707.02282 [hep-ph].
[3] Michal P. Heller, Romuald A. Janik, and Przemys-
law Witaszczyk, “The characteristics of thermalization
of boost-invariant plasma from holography,” Phys. Rev.
Lett. 108, 201602 (2012), arXiv:1103.3452 [hep-th].
[4] Aleksi Kurkela and Yan Zhu, “Isotropization and hydro-
dynamization in weakly coupled heavy-ion collisions,”
Phys. Rev. Lett. 115, 182301 (2015), arXiv:1506.06647
[hep-ph].
[5] Michal P. Heller and Michal Spalinski, “Hydrodynam-
ics Beyond the Gradient Expansion: Resurgence and
Resummation,” Phys. Rev. Lett. 115, 072501 (2015),
arXiv:1503.07514 [hep-th].
[6] Paul Romatschke, “Relativistic Fluid Dynamics Far
From Local Equilibrium,” Phys. Rev. Lett. 120, 012301
(2018), arXiv:1704.08699 [hep-th].
[7] Gabriel S. Denicol and Jorge Noronha, “Analytical at-
tractor and the divergence of the slow-roll expansion
in relativistic hydrodynamics,” Phys. Rev. D97, 056021
(2018), arXiv:1711.01657 [nucl-th].
[8] Aleksi Kurkela, Wilke van der Schee, Urs Achim Wiede-
mann, and Bin Wu, “Early- and Late-Time Behavior
of Attractors in Heavy-Ion Collisions,” Phys. Rev. Lett.
124, 102301 (2020), arXiv:1907.08101 [hep-ph].
[9] Ineˆs Aniceto, Gokce Basar, and Ricardo Schiappa,
“A Primer on Resurgent Transseries and Their Asymp-
totics,” Phys. Rept. 809, 1–135 (2019), arXiv:1802.10441
[hep-th].
[10] Gokce Basar and Gerald V. Dunne, “Hydrodynamics,
resurgence, and transasymptotics,” Phys. Rev. D 92,
125011 (2015), arXiv:1509.05046 [hep-th].
[11] J.D. Bjorken, “Highly Relativistic Nucleus-Nucleus Col-
lisions: The Central Rapidity Region,” Phys. Rev. D 27,
140–151 (1983).
[12] G. Baym, “Thermal equilibration in ultrarelativistc
heavy ion collisions,” Phys. Lett. B 138, 18–22 (1984).
[13] Jean-Paul Blaizot and Li Yan, “Fluid dynamics of out of
equilibrium boost invariant plasmas,” Phys. Lett. B 780,
283–286 (2018), arXiv:1712.03856 [nucl-th].
[14] Jean-Paul Blaizot and Li Yan, “Onset of hydrodynam-
ics for a quark-gluon plasma from the evolution of mo-
ments of distribution functions,” JHEP 11, 161 (2017),
arXiv:1703.10694 [nucl-th].
[15] M. Strickland, “The non-equilibrium attractor for kinetic
theory in relaxation time approximation,” JHEP 12, 128
(2018), arXiv:1809.01200 [nucl-th].
[16] Alireza Behtash, Syo Kamata, Mauricio Martinez, and
Haosheng Shi, “Dynamical systems and nonlinear tran-
sient rheology of the far-from-equilibrium Bjorken flow,”
Phys. Rev. D 99, 116012 (2019), arXiv:1901.08632 [hep-
th].
[17] W. Israel and J.M. Stewart, “Transient relativistic ther-
modynamics and kinetic theory,” Annals Phys. 118, 341–
372 (1979).
[18] Jean-Paul Blaizot and Li Yan, “Emergence of hydro-
dynamical behavior in expanding ultra-relativistic
plasmas,” Annals Phys. 412, 167993 (2020),
arXiv:1904.08677 [nucl-th].
[19] Rudolf Baier, Paul Romatschke, Dam Thanh Son, An-
drei O. Starinets, and Mikhail A. Stephanov, “Rel-
ativistic viscous hydrodynamics, conformal invariance,
and holography,” JHEP 04, 100 (2008), arXiv:0712.2451
[hep-th].
[20] G.S. Denicol, H. Niemi, E. Molnar, and D.H. Rischke,
“Derivation of transient relativistic fluid dynamics from
the Boltzmann equation,” Phys. Rev. D 85, 114047
(2012), [Erratum: Phys.Rev.D 91, 039902 (2015)],
arXiv:1202.4551 [nucl-th].
[21] Michal P. Heller and Viktor Svensson, “How does
relativistic kinetic theory remember about ini-
tial conditions?” Phys. Rev. D 98, 054016 (2018),
arXiv:1802.08225 [nucl-th].
[22] Gabriel S. Denicol and Jorge Noronha, “Exact hy-
drodynamic attractor of an ultrarelativistic gas of
hard spheres,” Phys. Rev. Lett. 124, 152301 (2020),
arXiv:1908.09957 [nucl-th].
[23] Jean-Paul Blaizot and Naoto Tanji, “Angular mode ex-
pansion of the Boltzmann equation in the small-angle ap-
proximation,” (2019), 10.1016/j.nuclphysa.2019.121618,
arXiv:1904.08244 [hep-ph].
[24] Chandrodoy Chattopadhyay and Ulrich W. Heinz,
“Hydrodynamics from free-streaming to thermalization
and back again,” Phys. Lett. B 801, 135158 (2020),
arXiv:1911.07765 [nucl-th].
[25] J.-P. Blaizot and Li Yan, “In preparation,” .
[26] Jasmine Brewer, Li Yan, and Yi Yin, “Adiabatic hydro-
dynamization in rapidly-expanding quark-gluon plasma,”
(2019), arXiv:1910.00021 [nucl-th].
[27] Milton Abramowitz, Handbook of Mathematical Func-
tions, With Formulas, Graphs, and Mathematical Tables,
(Dover Publications, Inc., USA, 1974).
[28] Michal P. Heller, Romuald A. Janik, and Przemys law
Witaszczyk, “Hydrodynamic gradient expansion in gauge
theory plasmas,” Physical Review Letters 110 (2013),
10.1103/physrevlett.110.211602.
[29] Michal P. Heller, Aleksi Kurkela, Michal Spalin´ski, and
Viktor Svensson, “Hydrodynamization in kinetic theory:
Transient modes and the gradient expansion,” Phys. Rev.
D 97, 091503 (2018), arXiv:1609.04803 [nucl-th].
[30] Harris J. Silverstone, Sachiko Nakai, and Jonathan G.
Harris, “Observations on the summability of confluent
hypergeometric functions and on semiclassical quantum
mechanics,” Phys. Rev. A 32, 1341–1345 (1985).
[31] Ineˆs Aniceto and Ricardo Schiappa, “Nonpertur-
bative Ambiguities and the Reality of Resurgent
Transseries,” Commun. Math. Phys. 335, 183–245
(2015), arXiv:1308.1115 [hep-th].
[32] Marcos Marino, “Nonperturbative effects and nonper-
turbative definitions in matrix models and topological
strings,” JHEP 12, 114 (2008), arXiv:0805.3033 [hep-th].
